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Abstract
Identification of cellular receptors and characterization of viral tropism in animal models
have vastly improved our understanding of morbillivirus pathogenesis. However, specific
aspects of viral entry, dissemination and transmission remain difficult to recapitulate in ani-
mal models. Here, we used three virologically identical but phenotypically distinct recombi-
nant (r) canine distemper viruses (CDV) expressing different fluorescent reporter proteins
for in vivo competition and airborne transmission studies in ferrets (Mustela putorius furo).
Six donor ferrets simultaneously received three rCDVs expressing green, red or blue fluo-
rescent proteins via conjunctival (ocular, Oc), intra-nasal (IN) or intra-tracheal (IT) inocula-
tion. Two days post-inoculation sentinel ferrets were placed in physically separated
adjacent cages to assess airborne transmission. All donor ferrets developed lymphopenia,
fever and lethargy, showed progressively increasing systemic viral loads and were eutha-
nized 14 to 16 days post-inoculation. Systemic replication of virus inoculated via the Oc, IN
and IT routes was detected in 2/6, 5/6 and 6/6 ferrets, respectively. In five donor ferrets the
IT delivered virus dominated, although replication of two or three different viruses was
detected in 5/6 animals. Single lymphocytes expressing multiple fluorescent proteins were
abundant in peripheral blood and lymphoid tissues, demonstrating the occurrence of double
and triple virus infections. Transmission occurred efficiently and all recipient ferrets showed
evidence of infection between 18 and 22 days post-inoculation of the donor ferrets. In all
cases, airborne transmission resulted in replication of a single-colored virus, which was the
dominant virus in the donor ferret. This study demonstrates that morbilliviruses can use mul-
tiple entry routes in parallel, and co-infection of cells during viral dissemination in the host is







Citation: de Vries RD, Ludlow M, de Jong A,
Rennick LJ, Verburgh RJ, van Amerongen G, et al.
(2017) Delineating morbillivirus entry,
dissemination and airborne transmission by
studying in vivo competition of multicolor canine
distemper viruses in ferrets. PLoS Pathog 13(5):
e1006371. https://doi.org/10.1371/journal.
ppat.1006371
Editor: Stefan Finke, Friedrich-Loeffler-Institut,
GERMANY
Received: February 1, 2017
Accepted: April 23, 2017
Published: May 8, 2017
Copyright: © 2017 de Vries et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.
Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.
Funding: This study was financially supported by
Defense Advanced Research Project Agency
Prophecy Program grant number HR0011-13-2-
0020 (www.darpa.mil), ZonMw TOP grant number
91208012 (www.zonmw.nl) and by the VIRGO
Consortium (www.virgo.nl), which is funded by the
common. Airborne transmission was efficient, although transmission of viruses expressing
a single color suggested a bottleneck event. The identity of the transmitted virus was not
determined by the site of inoculation but by the viral dominance during dissemination.
Author summary
Canine distemper virus (CDV) infection of ferrets is a tractable animal model for measles.
Ferrets are highly susceptible to CDV, and inoculation with a low dose leads to lethal dis-
ease. We performed in vivo competition experiments to study virus entry, dissemination
and transmission. Ferrets were simultaneously inoculated with CDV via the conjunctival,
intra-nasal and intra-tracheal routes. The viruses were identical except for the fluorescent
reporter protein encoded by the viral genome. By detecting cells expressing the different
fluorescent reporter proteins at various sites in the host, we determined that CDV can
enter the host in parallel at multiple sites. Virus spread in the ferret occurred via infected
lymphocytes, which often turned out to be double- or triple-infected. Sentinel ferrets,
placed in physically separated adjacent cages, became infected by airborne transmission.
Transmission of the dominant single color despite replication of multicolor viruses in the
upper respiratory tract suggested a bottleneck event.
Introduction
Morbilliviruses are enveloped, non-segmented, negative strand RNA viruses that belong to the
family Paramyxoviridae [1]. They are highly contagious, spread via the respiratory route, cause
profound immune suppression but also elicit lifelong immunity in surviving hosts, and have a
propensity to cause large outbreaks associated with high morbidity and mortality in previously
unexposed populations. Measles virus (MV) is the prototype morbillivirus and remains a sig-
nificant cause of childhood morbidity and mortality in the developing world. Measles is char-
acterized by fever, skin rash, cough and conjunctivitis, followed by a transient immune
suppression [2]. The resulting increased susceptibility to secondary infections can lead to life-
threatening complications [3]. In spite of the availability of safe and effective live-attenuated
MV vaccines, measles outbreaks continue to occur in the industrialized world due to inade-
quate vaccination coverage and importations of this highly transmissible virus from endemic
regions [4, 5].
The narrow host range and long incubation period of MV have restricted the characteriza-
tion of its pathogenesis since patients are not recognized as having measles until onset of rash,
and animal studies predominantly rely on experimental infections of non-human primates
(NHPs). A surrogate model for MV pathogenesis is infection of ferrets with canine distemper
virus (CDV), a morbillivirus that can infect a wide range of carnivores [6, 7]. However, CDV
in carnivores is highly neurotropic and often leads to fatal disease [8–12], which is in sharp
contrast to MV infection of humans and NHPs.
Morbilliviruses are amongst the most contagious viruses known and are primarily trans-
mitted by aerosols or respiratory droplets. Once inhaled, virions establish primary infection by
receptor-dependent fusion at the plasma membrane [13]. Two cellular receptors involved in
morbillivirus infection have been identified: signaling lymphocyte activation molecule family
member 1 (SLAM/F1, or CD150), expressed by subsets of thymocytes, dendritic cells (DCs),
hematopoietic stem cells, macrophages, T- and B-lymphocytes [14], and nectin cell adhesion
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molecule 4 (nectin-4, previously known as poliovirus receptor-related 4), expressed at the
adherens junction complex of epithelial cells [15, 16]. Both receptors play a crucial role in viral
pathogenesis (reviewed in [17]), with CD150-mediated infection being critical for entry and
dissemination [18, 19] and nectin-4-mediated infection critical for virus transmission [20, 21].
A number of aspects of morbillivirus pathogenesis remain unresolved. Studies in mice and
NHPs have shown that MV initially infects alveolar macrophages and DCs in the lungs, instead
of epithelial cells of the upper respiratory tract [22–24]. Even though this is a possible entry
route, it seems unlikely that a highly contagious virus with an R0 of 12–18 [25] and of which
infection with one 50% tissue culture infectious dose (TCID50) is sufficient to cause productive
infection in macaques [26], exclusively depends on infection of target cells in the alveoli. Addi-
tional routes of entry into a susceptible host have been postulated, including infection of
CD150+ immune cells within the epithelium of the respiratory tract [18, 27]. As DCs are abun-
dant within this epithelium, and DC-SIGN was previously identified as an attachment receptor
for MV [28, 29], it is suggested that DCs could play a crucial role in this entry route [30]. Addi-
tionally, damage to the upper respiratory tract epithelium by mechanical injury [31] or respira-
tory co-infections potentially exposes nectin-4 as a cellular entry receptor. Another potential
route of entry for morbilliviruses involves CD150+ and/or DC-SIGN+ cells present in the con-
junctiva of the eye [32, 33]. However, direct in vivo evidence from animal models for these
alternative entry strategies is lacking.
Recombinant (r) viruses expressing fluorescent reporter proteins have allowed sensitive
assessment of morbillivirus entry and dissemination in vivo [18, 34, 35]. Multicolored viruses
have been used to demonstrate MV polyploidy [36], ribonucleoprotein trafficking [37], super-
infection immunity [38], potential of segmenting the genome [39] and a cross-genomic coop-
eration modulating phenotype [40]. Recognizing the power of this approach for in vivo
competition studies, we simultaneously administered three rCDVs expressing green (Venus),
red (dTom) or blue (TagBFP) fluorescent proteins to ferrets to assess viral entry, intra-host dis-
semination and inter-host transmission. We show that CDV enters the host efficiently if deliv-
ered to the nose or lung, and that infection of the host through conjunctival administration,
although less efficient, is also possible. In vivo competition showed that the route of entry had
no influence on viral dissemination. However, exclusive single-color virus transmission of the
systemically dominant virus to recipient ferrets was observed, suggesting a bottleneck during
transmission.
Results
Recombinant CDVs stably express different fluorescent reporter
proteins
Plasmids containing full-length CDV strain Snyder-Hill (CDVSH) antigenomes were modified
to encode rCDVs expressing fluorescent reporter proteins from an additional transcription
unit (ATU). Three fluorescent reporter proteins (Venus, dTom and TagBFP) were selected
on basis of spectral discernibility, brightness, photo-stability, lack of oligomerization and
potential to be detected by in-house flow cytometer and confocal microscope. These viruses,
rCDVSHVenus(6), rCDVSHdTom(6) and rCDVSHTagBFP(6) were rescued and grown on
Vero cells modified to express canine (c) CD150 (Vero-cCD150) in which they produced
high levels of fluorescence in multinucleated syncytia (Fig 1A). Infection of concanavilin A
(ConA)-stimulated white blood cells (WBC) isolated from CDV-naive ferrets resulted in large
numbers of fluorescent cells, as detected by confocal laser scanning microscopy (CLSM, Fig
1B) and flow cytometry.
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Simultaneous inoculation with three rCDVSHs causes lethal disease in
ferrets
Six donor ferrets (D1 –D6) were simultaneously inoculated in three consecutive experiments
via the ocular (Oc), intra-nasal (IN) and intra-tracheal (IT) routes with a low dose of the indi-
cated rCDVSH (3.3 x 103 TCID50/route), depositing viruses in the eyes, nose or lungs. Even
though the viruses had been engineered to have identical genome lengths to prevent subtle dif-
ferences in fitness impacting the outcome of the in vivo experiment, the rCDVs were alternated
over the three route combinations to mitigate any unforeseen effect on pathogenesis (Fig 1C).
All donor ferrets developed fever with a biphasic pattern, with temperature peaks around 5–7
and 12–14 days post-inoculation (DPI) (Fig 2A). The first fever peak corresponded with the
onset of lymphopenia: peripheral lymphocyte counts were strongly reduced by the end of the
first week after infection, and did not recover during the second week (Fig 2B). All donor fer-
rets became lethargic and were euthanized 14–16 DPI. Virus could be isolated from WBC of
all ferrets from 4 DPI, with peak viremia levels observed around 6–8 DPI (Fig 2C). The decline
in viral load in WBC during the second week was likely due to the virtual absence of
Fig 1. In vitro validation and in vivo experimental design. (A, top panel) Three rCDVs expressing a
fluorescent reporter protein as an ATU from the 6th position in the genome were generated (rCDVSHVenus(6),
rCDVSHdTom(6), rCDVSHTagBFP(6)), rescued and (A, bottom panel) grown on Vero-cCD150 cells. (B)
rCDVs were shown to efficiently infect ConA-stimulated ferret WBC. (C) Donor ferrets 1–6 (D1-6) were
simultaneously inoculated with a low dose of the three indicated rCDVs delivered via Oc, IN and IT inoculation
in different administration route combinations, divided over three sequential experiments.
https://doi.org/10.1371/journal.ppat.1006371.g001
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lymphocytes in peripheral blood, resulting in exhaustion of susceptible CD150-positive cells.
Virus was isolated from eye, nose, throat, and rectal swabs, in most ferrets with progressively
increasing virus loads during the second week after inoculation (Fig 2D).
Simultaneous inoculation of ferrets with three rCDVs results in systemic
replication of one or multiple viruses
Expression of fluorescent proteins within WBC throughout the course of the experiment, or in
single cell suspensions prepared from lymphoid tissues collected at necropsy, was assessed by
flow cytometry (Fig 3A). In one ferret (D5) only one fluorescent protein was detected, in three
ferrets (D1, D3, D4) a combination of two fluorescent proteins was detected and in two ferrets
(D2, D6) all three inoculated viruses had initiated productive infections as shown by simulta-
neous detection of red, green and blue fluorescent proteins. Interestingly, in ferrets showing sys-
temic infection with two or three viruses, all fluorescent proteins were already detectable in
WBC collected at 6 DPI. This demonstrates that even though viruses were administered via mul-
tiple inoculation routes, parallel onset of viremia occurred within one week after inoculation.
rCDV uses multiple routes of entry in parallel
In all donor ferrets IT inoculation resulted in viremia, confirming that direct inoculation
into the lower respiratory tract is a highly efficient entry route for morbilliviruses (Fig 3A). In
Fig 2. Inoculation with rCDVs leads to systemic infection and disease. Simultaneous inoculation of donor ferrets (D1-6) via multiple administration
routes with three reporter viruses resulted in systemic disease. (A) Body temperature was measured using an intra-peritoneal probe and a biphasic fever
pattern was observed. (B) WBC counts measured in EDTA blood showed that animals became lymphopenic. (C) Systemic virus replication was detected by
virus isolation from WBC on Vero-cCD150 cells, while (D) local virus replication was demonstrated as virus isolation from eye, nose, throat and rectal swabs.
https://doi.org/10.1371/journal.ppat.1006371.g002
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Fig 3. Microscopic and macroscopic detection of fluorescence in donor ferrets. (A) WBC infection percentages of the rCDVs in directly inoculated
(D1-6) ferrets were determined by flow cytometry at different time-points. The circular inset shows which reporter virus was administered to a donor ferret
via which route. After necropsy, infection percentages of the rCDVs in single cell suspensions of lymphoid tissues were determined by flow cytometry.
rCDVs were detected in all lymphoid tissues (man LN: mandibular lymph node; ax LN: axillary LN; ing LN: inguinal LN; TB LN: tracheo-bronchial LN; RP
LN: retropharyngeal LN; mes LN: mesenteric LN; GALT: gut-associated lymphoid tissue; PP: Peyer’s patches; BM: bone marrow; ND: not determined).
Results obtained from lymph nodes corresponded to the kinetics of the rCDVs in WBC. In 5/6 ferrets the IT delivered virus became dominant (D2 –D6). (B,
C) Donor ferrets D1 and D2 were chosen as representative examples. Virus was isolated from WBC, BAL, CSF and throat, nose, eye and rectal swabs by
titration on Vero-cCD150 cells. (Left panels) Screening of virus isolations by CLSM allowed determination of the dominance of rCDVs at 8 DPI. (Centre
panels) Relative contribution of the various reporter viruses to the total amount of rCDV present in the sample collected 8 DPI or at necropsy (CSF and
BAL). (Right panels) Direct CLSM of various tissues at necropsy revealed fluorescence in the epithelium of the trachea (dotted line marks basement
membrane, Lu marks lumen), and B-cell follicles in lymphoid tissues (delineated by dotted line). (D) Macroscopic fluorescence produced by rCDVSHVenus
(6) and rCDVSHdTom(6) was directly detected in live ferrets and during necropsy at the nose, eyes, mouth and skin. The inset in the second panel clearly
shows that green and red foci of infected cells can be discerned (#). During necropsy, macroscopic fluorescence was detected in the tongue (arrows show
tonsils), lungs and Peyer’s patches. Again, the inset in the third panel shows separate foci of green and red cells (#).
https://doi.org/10.1371/journal.ppat.1006371.g003
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five out of six donor ferrets, IN inoculation also resulted in viremia, demonstrating that
morbilliviruses can also efficiently invade a host when 3300 TCID50 in a low volume (25μl/
nostril) was deposited in the upper respiratory tract (Fig 3A). Finally, in two out of six ferrets
the morbillivirus directly inoculated into the conjunctival sac behind the lower eyelid (again
using a low volume inoculum) caused viremia, demonstrating this is a functional route for
morbillivirus entry, although apparently less effective than entry through the respiratory route
(Fig 3A).
Multi-route delivery of rCDVs results in widespread systemic replication
Next we focused on the period between onset of viremia and euthanasia of the donor ferrets to
assess morbillivirus dissemination. In one ferret (D1) the virus inoculated via the IN route
became dominant, while in all other ferrets the virus given by IT inoculation became domi-
nant. Likewise, viruses that predominated in WBC were in most cases also present at the great-
est level in single cell suspensions from lymphoid tissues (Fig 3A).
Detection of fluorescent protein expression in WBC (Fig 3A) showed a good correlation
with virus isolation from WBC (Fig 3B and 3C, left panel). Ferrets D1 and D2 illustrate this
since these animals represented two extremes of the study. In ferret D1 two viruses were
detected systemically (rCDVSHVenus(6) and rCDVSHdTom(6)), however one virus
(rCDVSHdTom(6)) became dominant. In ferret D2 all three viruses replicated at comparable
levels. Virus isolation from WBC in Vero-cCD150 cells resulted in predominantly red plaques
for D1, and in multicolored plaques for D2. Photomicrographs in the left panels of Fig 3B and
3C show a high resolution CLSM image of a representative well, while the large pie charts
show the relative color distribution produced by viruses isolated from WBC collected at 8 DPI.
The smaller pie charts show the color distribution of virus isolated from other samples, includ-
ing swabs of the conjunctivae, nose, throat and rectum collected at 8 DPI (see also Fig 2D),
and cerebrospinal fluid (CSF) and broncho-alveolar lavage (BAL) collected at necropsy. Inter-
estingly, the proportion of green fluorescent virus in ferrets D1 and D2 was higher in BAL than
in all other tissues, corresponding to IT inoculation of these two ferrets with rCDVSHVenus
(6). In ferret D1, low systemic detection of green fluorescent cells, was contrasted by a rela-
tively high percentage of green fluorescent cells in the tracheo-bronchial lymph node (TB LN)
which drains the lungs (Fig 3A). At necropsy, CLSM analysis of respiratory tract tissues and
lymph nodes of ferret D1 revealed a predominance of red fluorescent cells (Fig 3B, right pan-
els), whereas the same tissues collected from ferret D2 contained a mixture of different colored
fluorescent cells (Fig 3C, right panels).
Macroscopic fluorescence produced by rCDVSHVenus(6) and rCDVSHdTom(6) was
imaged both in living ferrets and at necropsy. Macroscopic detection of blue fluorescence was
not technically possible using the available apparatus. Both green and red fluorescence were
detected in the head of ferret D2 (Fig 3D, fluorescence was detected mainly at the nose, eyes,
mouth and skin). Use of the light emitting diode (LED) lamp to detect green fluorescence,
allowed detection of separate green and red foci of infected cells (Fig 3D, inset in second panel
at (#)). Macroscopic imaging of tissues during necropsies is illustrated by photos of the tongue,
lungs and Peyer’s patches (PP) of ferret D2, again showing a clear separation of green and red
fluorescent foci of infection (Fig 3D, inset in third panel at (#)).
Double- and triple-rCDV-infected cells in vivo during dissemination
Morbillivirus viremia is mediated by circulation of infected cells rather than cell-free virions.
As a consequence, morbilliviruses predominantly disseminate by cell-to-cell spread within the
host. It has been hypothesized that superinfection immunity is a significant barrier to dual
Multicolor CDV competition and transmission study in ferrets
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infections of cells. Unexpectedly, during virus isolation procedures from WBC we not only
observed green, blue or red syncytia, but also syncytia that contained two or three fluorescent
proteins, pseudo-colored as yellow (Venus / dTom), purple (dTom / TagBFP), cyan (Venus /
TagBFP) or white (Venus / dTom / TagBFP) following image acquisition by CLSM (Fig 4A).
Since it may be possible that double- and triple-positive syncytia could have been caused by
fusion of single-infected cells, thus not representing true double or triple infections of single
cells, we performed direct CLSM of tissues collected during necropsy. This confirmed the pres-
ence of double-infected cells in the epithelium of the trachea (Fig 4B, upper panel, Venus /
TagBFP cell shown as cyan [] and Venus / dTom cell shown as yellow [#]) and in the spleen
(Fig 4B, lower panel). In the spleen, single-infected cells were observed throughout the section
in red, green and blue, whereas many double-positive cells were observed in cyan, yellow and
purple. Finally, double and triple infections were confirmed by flow cytometry. As an example,
WBC obtained from ferret D2 at 8 DPI were gated for positive events for a single reporter pro-
tein (Fig 4C, left panels), for which subsequently the other two reporter proteins were plotted
(Fig 4C, right panels). This demonstrated the presence of single-infected cells (lower-left quad-
rant), but double- (lower-right and upper-left quadrant) and triple-infected (upper-right quad-
rant) lymphocytes were also commonly detected. Although triple-infected cells were only
detected in 2/6 animals, double-infected cells were more common and were detected in 5/6
animals. To confirm these in vivo observations, we performed in vitro competition experi-
ments in canine B-lymphoblastoma (CLBL-1) cells [41], and confirmed that double infections
were also achieved in vitro (Fig 4D). Moreover, in vitro double infections were also observed
when the second virus infection was performed six hours after the first infection (S1 Fig).
rCDV dissemination results in widespread infection of the nasal cavity
and CNS
Since airborne transmission of respiratory viruses is assumed to be associated with virus shed-
ding from the upper respiratory tract [42, 43], we assessed the distribution of CDV-infected
cells in the nasal cavity of ferrets D4 (Fig 5) and D5 (S2 Fig). Since CDVSH is highly neuro-
tropic, we performed immunohistochemical analysis of slides containing a sagittal section of
the entire ferret head which permitted assessment of infected cells in both the nasal cavity and
brain. CDV-infected cells were mainly detected in the nasal cavity of ferret D4 (Fig 5A), and
few positive cells were observed in the meninges. Cells surrounding the nerve twigs of the
olfactory nerve were CDV-positive on both sides of the cribriform plate (dotted line), on both
the side of the nasal cavity (#) and the olfactory bulb () (Fig 5B). Very few cells within the
olfactory epithelium were CDV positive (Fig 5C), whereas the respiratory epithelium con-
tained many CDV-infected cells (Fig 5D), including ciliated epithelial cells and macrophage-
like cells (Fig 5D, macrophages indicated by arrow and shown in inset). Throughout the nasal
cavity the majority of CDV-positive cells was found in the submucosa and included fibroblasts,
large macrophage-like cells, and lymphocyte-like cells. In the nasal-associated lymphoid tissues
(NALT) the majority of lymphoid cells were CDV positive (Fig 5E). In addition, CDV-
infected glands were occasionally observed in the nasal cavity, mainly in the tip of the nose
(Fig 5F). CDV-infected squamous epithelial cells were observed in the soft palate (Fig 5G),
mimicking similar observations in MV-infected macaques.
In ferret D5, rCDV was detected in the nasal cavity and CNS (S2A Fig). In the nasal cavity,
the number of CDV positive cells was lower in comparison to ferret D4, and consisted pre-
dominantly of fibroblasts and macrophage-like cells in the submucosa. In the CNS, CDV-
infected cells were frequently observed in the meninges, predominantly in the meninges sur-
rounding the cerebellum. Positive ependymal cells were detected in the choroid plexus,
Multicolor CDV competition and transmission study in ferrets
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responsible for the production of CSF (S2B Fig), which corresponds to the isolation of virus
from the CSF from this ferret. In the cerebellum, meninges surrounding the cerebellum and
brainstem, endothelial cells and cells adjacent to blood vessels were occasionally CDV positive
(S2C Fig). This suggests hematogenous spread of CDV into the CNS. In both the olfactory
Fig 4. Detection of rCDV double- and triple-infected cells. (A) Virus isolation from WBC by titration on
Vero-cCD150 cells revealed syncytia that were simultaneously positive for two reporter proteins (i.e. Venus/
dTom [yellow], dTom/TagBFP [purple] or Venus/TagBFP [cyan]) or all three reporter proteins (Venus/dTom/
TagBFP [white]). (B, upper panel) Direct confocal analysis of the trachea from ferret D2 showed that single
infected cells (Venus, dTom or TagBFP) were dominant, but sparse Venus/TagBFP and Venus/dTom double-
positive cells were detected as cyan (*) or yellow (#), respectively. (B, lower panel) Direct confocal analysis of
the spleen from ferret D2 revealed the presence of single-infected and all possible combinations of double-
infected cells. (C) Direct flow cytometry of WBC collected from ferret D2 on 8 DPI indicated that single-,
double- and triple-positive cells were present in peripheral blood. Similar results were obtained at different
time-points. (C, upper panel) When Venus+ cells were selected (as indicated by red gate), dTom-/TagBFP-
(single-infected cells), dTom+/TagBFP- or dTom-/TagBFP+ (double-infected cells) and dTom+/TagBFP+
(triple-infected) cells were detected. (C, middle and lower panel) Similar results were obtained when the
analysis was performed by initially gating dTom+ or TagBFP+ cells. Percentages of positive cells are indicated
in the plots. (D) Canine lymphoma B-cells (CLBL-1) were inoculated with rCDVSHVenus(6) and/or
rCDVSHTagBFP(6) in the presence of infection-enhancing lipopeptide Pam3CSK4. Green and blue
fluorescence levels were determined 24 hours post infection by flow cytometry. Venus and TagBFP single
positive cells are shown in green and blue, respectively, while double-positive cells are shown in cyan.
https://doi.org/10.1371/journal.ppat.1006371.g004
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Fig 5. rCDV was detected in the nasal cavity of directly inoculated ferret D4. Immunohistochemistry detecting CDV was performed on (A) complete
ferret head sections (red box in inset shows anatomic location of section) and showed abundant rCDV in the nasal turbinates (Nt, delineated by dotted
line). In this ferret rCDV was only observed in few meningeal cells and not in the cerebrum (Br) and olfactory bulb (Ob). In general, CDV-positive cells were
mainly found in the submucosa of the respiratory and olfactory mucosa and nasal-associated lymphoid tissues (NALT). (B) Cells surrounding the nerve
twigs of the olfactory nerve were CDV-positive on both sides of the cribriform plate (dotted line), on both the side of the nasal cavity (#) and the olfactory
bulb (*). (C) Few CDV-positive cells were detected in the olfactory epithelium, and many CDV-positive cells were present in the submucosa of the olfactory
epithelium. Positive cells had an irregular macrophage-like morphology. (D) CDV-positive cells were detected in the respiratory epithelium of the nasal
turbinates, although most positive cells within the epithelium appear non-epithelial (arrows and insert). Again, CDV-positive cells were abundant in the
submucosa and had an irregular macrophage-like morphology. (E) Positive stretch of CDV-positive cells, including NALT with infected lymphocytes and
fibroblasts. CDV-positive macrophages were also detected in the epithelial layer. (F) Submucosal nasal glands stained occasionally positive for CDV
predominantly in the tip of the nose (arrow). (G) Squamous epithelium of the soft palate stained positive for rCDV.
https://doi.org/10.1371/journal.ppat.1006371.g005
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bulb and cerebrum foci of CDV positive cells, including neurons and glial cells, were detected
(S2D and S2E Fig). Finally, CDV-positive cells were observed within the bone marrow.
rCDV infection of donor ferrets results in airborne transmission to
recipient ferrets
To assess airborne transmission, CDV-naive recipient (R1 –R6) ferrets were placed in trans-
mission cages at 2 DPI. Donor and recipient ferrets were sampled every other DPI and fol-
lowed for a maximum of 16 or 22 DPI respectively (Fig 6A and 6B). Ferrets were housed in
pairs, meaning that recipient ferret R1 was placed in a cage adjacent to donor ferret D1. Body
temperature was measured in 4 out of 6 recipient ferrets. Fever was not observed in the recipi-
ent ferrets tested up to the time point of euthanasia (Fig 6C). However, the majority of recipi-
ent ferrets showed decreased lymphocyte counts shortly before euthanasia (Fig 6D). Airborne
transmission was confirmed in all donor-recipient pairs and infectious rCDV was isolated
from WBC (Fig 6E), nose, throat, eye and/or rectal swabs collected from recipient ferrets (Fig
6F). By using flow cytometry, rCDV replication was detected in WBC of 5 out of 6 ferrets (Fig
6G). For recipient ferret (R4) in which CDV-infected cells were not detected by flow cytome-
try, rCDVSHdTom(6) was isolated from throat and eye swabs. In all cases, only a single colored
rCDV transmitted to the recipient ferret, which was also found in the lymphoid tissues at
euthanasia and always was the virus that predominated in the corresponding donor animal
(Fig 3A).
Discussion
We have performed in vivo competition and transmission studies in ferrets with virologically
identical but spectrally distinct rCDVs administered simultaneously via multiple routes. Our
aim was to study the temporal and spatial interplay of viruses during the early, intermediate
and late stages of CDV infection. These “rainbow CDV” studies are the first to show that mor-
billiviruses can use multiple entry routes in parallel. Detection of circulating or lymphoid tis-
sue-derived lymphocytes expressing multiple fluorescent reporter proteins was common,
demonstrating that in vivo superinfection immunity is not a restrictive phenomenon. Airborne
transmission to recipient ferrets was detected in all animal pairs, underpinning the highly
infectious nature of morbilliviruses.
Animal models of human viral diseases provide the bedrock of much of the current under-
standing of tropism and pathogenesis, and are essential for the development and licensure of
drugs and vaccines. Ideally the human pathogen under study should not need to be adapted to
the animal and the disease process should recapitulate the full clinical spectrum in people. This
is challenging and oftentimes either the pathogen or host must be genetically altered to pro-
duce disease. Therefore, related animal pathogens infecting natural host species provide useful
surrogates in the pathogenesis toolkit. For example, Sendai virus infection of mice [44], bovine
respiratory syncytial virus infection of calves [45] and simian immunodeficiency virus infec-
tion of NHPs [46] have provided important insights into the pathogenesis of closely related
human viruses. Likewise, experimental CDV infections of ferrets have provided important
insights into the pathogenesis of MV and other morbilliviruses [47–50].
Both measles [51] and canine distemper [47] are recognized as highly infectious diseases
that are spread via the respiratory tract. The availability of rMVs expressing fluorescent pro-
teins allowed us to identify alveolar macrophages and DCs in NHPs as early target cells follow-
ing aerosol inhalation [24]. In that study, substantial numbers of MV-infected cells were not
detected in the upper respiratory tract even though minuscule numbers of macrophages and
DCs were detected in the deep lung at early time points after inoculation. This fitted well with
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Fig 6. In vivo transmission of rCDV to recipient ferrets. (A, B) Susceptible recipient ferrets (R1-6) were placed pairwise in neighboring cages of the
donor ferret at 2 DPI. Arrows indicate airflow. All directly inoculated ferrets were euthanized at 14 to 16 DPI, whereas recipient ferrets were euthanized 21
or 22 DPI. (C) Fever was rarely detected in recipient ferrets, but these animals developed (D) lymphopenia and (E) systemic virus replication as detected
by virus isolation from WBC as well as (F) local virus replication demonstrated as virus isolation from eye, nose, throat and rectal swabs. In panels E and F,
grey lines represent the respective virus loads in donor ferrets (as shown in Fig 2). Transmission was detected in 6/6 animal pairs. (G) WBC infection
percentages of the rCDVs in recipient ferrets were determined by flow cytometry at different time-points. After necropsy, infection percentages of the
rCDVs in single cell suspensions from lymphoid tissues were determined. rCDV was detected in most lymphoid tissues (ax LN: axillary LN; ing LN: inguinal
LN; TB LN: tracheo-bronchial LN; RP LN: retropharyngeal LN; ND: not determined). Results obtained from lymph nodes corresponded to the kinetics of
the rCDVs in WBC. In 6/6 ferrets the single-color virus dominant in the donor animal transmitted to the recipient ferret.
https://doi.org/10.1371/journal.ppat.1006371.g006
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our experience of IT inoculation as a highly reliable and standardized route of experimental
MV infection [26]. The majority of CDV pathogenesis studies in ferrets has used IN inocula-
tion, delivering the virus to the upper respiratory tract. Although it is important to note that
IN inoculation of relatively large volumes can easily result in deposition of virus in both the
upper and lower respiratory tracts [52], we also hypothesized that it was unlikely that morbilli-
viruses exclusively used the lower respiratory tract as a portal of entry [30]. Therefore, we
simultaneously inoculated ferrets with multicolor rCDVs via the IN and IT routes, ensuring
delivery to only the upper and lower respiratory tract, respectively. Since the conjunctivae
have also been suggested as a portal of entry for many respiratory viruses [33], including MV
[32], ocular inoculation was used as a third possible route of entry. IN and IT delivery resulted
in viremia in 5 out of 6 and 6 out of 6 ferrets, respectively, within a week after inoculation. The
fact that the IT-delivered virus became dominant in 5 out of 6 ferrets suggests that this is the
most efficient port of entry, confirming previous observations with MV infection of NHPs
[26]. This could be explained by the fact that in the lungs the potential target cells (alveolar
macrophages and/or DCs) are directly accessible and not shielded by an epithelial barrier.
However, since virus delivered by IN inoculation in a low volume also resulted in viremia in
the majority of the ferrets, this demonstrated that multiple routes of entry can be used in paral-
lel. Inoculation of the virus onto the conjunctivae resulted in infection in only 2 out of 6 ferrets,
demonstrating that this is a legitimate, albeit less efficient entry portal. However, since there is
a direct connection between the eyes and the upper respiratory tract via the nasolacrimal duct,
transport of virus particles to the upper respiratory tract after conjunctival delivery cannot be
excluded. Moreover, it is important to note that this study was not designed to assess statisti-
cally significant differences between these routes of entry.
CDV dissemination is mediated by infected circulating and tissue-resident B- and T-lym-
phocytes [35], and results in lymphopenia and fever. During dissemination the infection
remains highly cell-associated, and few virions are detected in plasma. Spread is mediated
mostly by direct cell-to-cell transmission, e.g. by the formation of virological synapses [34, 53,
54]. Here, we show that regardless of the route of entry, all donor ferrets developed a similar
course of fatal disease, and severity was independent of the number of circulating rCDVs.
Interestingly, significant numbers of lymphocytes co-expressed two or three fluorescent
reporter proteins, demonstrating that they were infected with viruses inoculated at different
sites. Although it has been shown that morbillivirus infection induces superinfection immu-
nity in vitro [38], the incredibly rapid dissemination of CDV (with percentages of infected
WBC rising from undetectable to more than 50% within 2 days in some animals) leads to lym-
phocytes being double- or triple-infected. We consider serial, direct cell-to-cell transmission of
rCDVs from different donor cells to single acceptor cells the most likely explanation of the
existence of double or triple infections. In fact, double infection was readily reproduced in
vitro by exposing a B-lymphoblastic canine cell line to two rCDVs, and was also reproduced
when the second infection was performed six hours after the first.
Multi-route delivery of virologically identical but phenotypically distinct viruses is a power-
ful approach to dissect the complex interplay in evolving pathogenesis. None of the data sug-
gest that the expression of different fluorescent reporter proteins had an effect on virus fitness
and we have done our utmost to ensure that rCDVs were genetically identical in terms of
genome length and ATU design. However, we cannot exclude the possibility that genes encod-
ing Venus, dTom and TagBFP contain secondary or tertiary RNA structures or immune-acti-
vating sequences. Alternating the rCDVs and administration routes in three subsequent
experiments further mitigated this risk.
Although epidemiological observations have demonstrated that CDV is a highly contagious
virus, surprisingly few experimental studies have examined transmission. In 1926, Dunkin and
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Laidlaw meticulously described precautions taken to perform experimental CDV infections of
ferrets and keep their breeding stock of animals free of canine distemper [47]. Three transmis-
sion pathways: direct contact between sick and healthy animals, housing a healthy animal in a
cage from which a moribund animal had been removed several hours earlier, and airborne
transmission were described [47]. The timespan between onset of disease in the donor and
recipient animals was around ten days. Subsequent direct transmission studies documented a
period of 6 to 11 days for development of disease in recipient animals [55] and experimental
CDV outbreak studies in ferrets support a role for airborne transmission [56]. The observed
time period required for CDV transmission in our experiment was in good accordance with
these previous reports [47, 56].
Even though we could not determine the exact tissue origin of transmitted virus due to wide-
spread dissemination of different colored viruses throughout the donor ferrets, the dominant
virus of the donor always was the only virus transmitted to the recipient. The added value of
our study was that the transmission of a single color rCDV, even when two or three rCDVs
were detected in donor ferrets, suggested a bottleneck event during airborne transmission:
apparently only one or a few infectious units were transmitted from donor to recipient ferret.
This mirrors influenza airborne transmission between ferrets, in which virus populations in
recipient ferrets proved to be genetically much more homogeneous than those of the donor fer-
rets [43, 57, 58]. However, in this model transmission was restricted to airborne transmission,
so the situation could be different for indirect and direct contact transmission. Overall, this
illustrates the utility of gaining a comprehensive understanding of transmission in this impor-
tant animal model, which is also being developed for Ebola virus and Nipah virus [59–61].
Here, we have performed in vivo competition and transmission studies with rCDVs discern-
able on basis of their fluorescent reporter proteins. We believe that this model will prove its use
in the future for in vivo competition studies to identify factors associated with viral fitness.
Materials & methods
Ethics statement
Animal experiments were conducted at Erasmus MC, in strict compliance with European
guidelines (EU directive on animal testing 2010/63/EU) and Dutch legislation. The study pro-
tocol was approved by Stichting Dier Experimenten Commissie Consult (DEC Consult, permit
number EMC3043), a Dutch independent animal experimentation ethics review board. The
manuscript was prepared in accordance with the ARRIVE guidelines [62].
CDV-naive ferrets were housed in groups prior to rCDV infection, received standard feed
on a daily basis and had access to water ad libitum. Cages contained several sources of environ-
mental enrichment. During the infection and transmission studies, ferrets were housed in
transmission cages [63]. Briefly, ferrets were housed individually in perspex cages, with paired
donor (D) and recipient (R) ferrets being separated by two stainless steel grids. The bottom of
the cages was covered with carpet and cages were not cleaned during the course of the experi-
ment to prevent aerosolizing bodily excretions. Transmission cages were placed in HEPA-fil-
tered, negatively pressurized biosafety level 3 (BSL-3) isolators. Animal welfare was checked
on daily basis, and all animal handling was performed under light anesthesia using ketamine
and medetomidine. After handling, atipamezole was administered to antagonize the effect of
medetomidine.
Cells
Vero cells stably expressing the CDV receptor canine SLAM (Vero-cCD150) (kind gift of Dr.
Y. Yanagi, Kyushu University, Fukuoka, Japan) were cultured as described previously [64]. To
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obtain primary ferret white blood cells (WBC), small-volume blood samples were collected
from CDV-naive ferrets in Vacuette tubes (Greiner) containing K3EDTA as an anticoagulant.
Red blood cells in blood were subsequently lysed with red blood cell lysis buffer (Roche, Basel,
Switzerland), washed and resuspended in complete RPMI 1640 medium (Gibco Invitrogen,
Carlsbad, CA, USA) supplemented with 2 mM L-glutamine, 10% (V/V) heat-inactivated fetal
bovine serum (FBS), penicillin (100 U/ml) and streptomycin (100 μg/ml). The canine B-cell
lymphoma cell line CLBL-1 [41] (kind gift of Dr. Barbara Ru¨tgen, University of Veterinary
Medicine, Vienna, Austria) was grown in complete RPMI-1640 medium supplemented with
10% (V/V) FBS.
Generation of rCDVs expressing Venus, dTom and TagBFP fluorescent
proteins
Recombinant CDV strain Snyder-Hill (SH) viruses were generated as described previously
[10]. Genes encoding the fluorescent reporter proteins Venus, dTom or TagBFP were added as
an ATU at the sixth (6) position of the genome (between H and L) (Fig 1A). Importantly,
TagBFP and dTom were modified by the addition of six (GGSGSG) and five (GSGSG) amino
acids, respectively, to the carboxyl terminus to make them identical in size to Venus (239
amino acids). This ensured that the viral genome lengths were identical from the perspective
of replication and transcription by the RNA-dependent RNA polymerase. The three viruses
were designated rCDVSHVenus(6), rCDVSHdTom(6) and rCDVSHTagBFP(6). Fluorescence
produced in cells infected with these viruses can be readily discerned by flow cytometry, UV
epifluorescence microscopy and CLSM. Virus stocks were grown in Vero-cCD150 cells (Fig
1A) and tested negative for contamination with Mycoplasma species. Virus titers were deter-
mined by endpoint titration in Vero-cCD150 cells and expressed in TCID50/ml. Susceptibility
of ferret WBC with the reporter viruses was determined in vitro. ConA stimulated ferret WBC
were inoculated in quadruplicate with rCDVSHVenus(6), rCDVSHdTom(6) or
rCDVSHTagBFP(6) at a multiplicity of infection (MOI) of 3 for 1 hour, washed and subse-
quently cultured for 48 hours. Susceptibility of ferret WBC was analyzed directly by detection
of fluorescent reporter proteins by CLSM with a LSM700 system fitted on an Axio Observer
Z1 inverted microscope (Zeiss) (Fig 1B) and by flow cytometry on a FACS Canto II (BD
Biosciences).
In vitro double infection of CLBL-1 cells
CLBL-1 cells were seeded in 96-well V-bottom plates (Greiner) at 2x105 cells per well. After
centrifugation (5 minutes, 350g) supernatants were removed, and cells were resuspended in
150μl culture medium or (combinations of) rCDV(s) diluted to 5x104 TCID50 per well in the
absence or presence of 10μg/ml of infection-enhancing lipopeptide Pam3CSK4 [65]. After 1
hour at 37˚C, the plate was centrifuged, the medium was discarded, and the cells were resus-
pended in 100μl culture medium (without lipopeptide) and cultured for 23 hours in 96-well
flat bottom plates. Infection percentages were determined by flow cytometry (Fig 4D).
In a second experiment, CLBL-1 cells were seeded in 96-well V-bottom plates (Greiner) at
1.2x105 cells per well. After centrifugation (5 minutes, 350g) supernatants were removed, and
cells were resuspended in 100μl culture medium or (combinations of) rCDV(s) diluted to
1.2x105 TCID50 per well in the absence or presence of 10μg/ml of infection-enhancing lipopep-
tide PHCSK4 [65]. After 1 hour at 37˚C, the plate was centrifuged, the medium was discarded,
and the cells were resuspended in 100μl culture medium (without lipopeptide). Five hours
later (i.e. six hours after infection 1), cells were centrifuged again and a second infection was
performed in the presence or absence of PHCSK4. After 1 hour at 37˚C, the plate was
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centrifuged, the medium was discarded, and the cells were resuspended in 100μl culture
medium (without lipopeptide), and cultured for 23 hours in 96-wells flat bottom plates. Infec-
tion percentages were determined by flow cytometry (S1 Fig).
Animal study design
Twelve CDV-seronegative ferrets (Mustela putorius furo) were used for the rCDV infection
and transmission studies. A temperature probe was implanted intraperitoneally 2 weeks before
the beginning of the experiments to monitor body temperature noninvasively. Six donor fer-
rets (randomly selected, D1-6) were inoculated with 104 TCID50 rCDV, divided in three equal
parts of rCDVSHVenus(6): rCDVSHdTom(6): rCDVSHTagBFP(6) (each 3.3 x 103 TCID50).
Each reporter virus was administered via a different route, which were alternated over three
experiments. Ferrets D1 and D2 received rCDVSHTagBFP(6) ocularly (Oc), rCDVSHdTom(6)
intra-nasally (IN) and rCDVSHVenus(6) intra-tracheally (IT); ferrets D3 and D4 received
rCDVSHVenus(6) Oc, rCDVSHTagBFP(6) IN and rCDVSHdTom(6) IT; ferrets D5 and D6
received rCDVSHdTom(6) Oc, rCDVSHVenus(6) IN and rCDVSHTagBFP(6) IT (Fig 1C). Oc
administration was performed by pipetting virus suspension (50μl) directly onto each of the
conjunctivae, IN inoculation by pipetting virus suspension (50μl) into the nostrils while the
ferret was held on its back to prevent spread to the trachea and IT inoculations by direct instil-
lation of virus suspension (1ml) into the lower respiratory tract after intubation with a flexible
catheter. Following inoculation, the six donor ferrets were placed individually in purpose built
cages specifically designed to allow airborne transmission over a 10 cm divide. Donor ferrets
were sampled every other day and were euthanized at 14–16 DPI. Six CDV-seronegative recip-
ient ferrets (R1-6) were placed in the transmission cages (Fig 6A) at 2 DPI of the donor ferret.
Recipient ferrets were sampled every other day and were euthanized at 21/22 DPI (Fig 6B).
The animal protocol specified that recipient animals had to be euthanized no later than 22
days after inoculation of the donor animals, which made it impossible to assess the full spec-
trum of disease in the recipient ferrets.
Clinical specimens
Small-volume blood samples were collected in Vacuette tubes (Greiner Bio-One, Kremsmu¨n-
ster, Austria) containing K3EDTA as an anticoagulant every other DPI of donor ferrets, or
every other day after placement of recipient ferrets in transmission cages. Recipient ferrets
were always sampled first to prevent direct contamination of recipient animals by sampling of
the donor animals. Total WBC and lymphocyte counts were obtained using an automated
counter (pocH-100iV; Sysmex). WBC were obtained by lysis of whole blood with red blood
cell lysis buffer (Roche, Basel, Switzerland), washed and resuspended in complete RPMI 1640
medium as described above. Cells were counted using a hemocytometer and used directly for
flow cytometry and virus isolation. The percentages of WBC infected by different reporter
viruses were determined by detection of fluorescent reporter proteins by flow cytometry. Isola-
tion of rCDV was performed on Vero-cCD150 cells using an infectious center test as previ-
ously described [66]. Virus isolations were monitored for cytopathic effect (CPE) by
microscopy after co-cultivation with Vero-cCD150 cells for 3 to 6 days and results were
expressed as the number of virus-infected cells/106 total cells. Relative contribution of the dif-
ferent reporter viruses to the number of virus-infected cells was determined by screening virus
isolations on Vero-cCD150 cells for Venus, dTom and TagBFP expression by CLSM.
Throat and rectal swabs (cytobrush plus; Medscand Medical) and nose and eye swabs (poly-
ester-tipped minitip urethral swab; Copan) were collected every other DPI from donor ferrets,
or every other day after placement from recipient ferrets, in transport medium (Eagle’s
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minimal essential medium [EMEM] with Hanks’ salts, supplemented with lactalbumin enzy-
matic hydrolysate, penicillin, streptomycin, polymyxin B sulfate, nystatin, gentamicin, and
glycerol) and frozen at −80˚C. After being thawed, samples were vortexed, the swab was
removed, and the remaining transport medium was used for virus isolation. Isolation of rCDV
was performed on Vero-cCD150 cells using an infectious center test as previously described
[66]. Virus isolations were monitored for CPE by microscopy after co-cultivation with Vero-
cCD150 cells for 3 to 7 days and results were expressed as TCID50/ml. Relative contribution of
the different reporter viruses to the number of virus-infected cells was determined by sepa-
rately screening virus isolations for Venus, dTom and TagBFP by CLSM.
Necropsy
Ferrets were euthanized by exsanguination under deep ketamine/medetomidine anesthesia.
Macroscopic detection of Venus and dTom was performed with an LED lamp and the appro-
priate filters as described previously [10, 18]. Post-euthanasia, CSF was obtained by lumbar
puncture. Virus isolation from CSF was performed by direct titration on Vero-cCD150 cells. A
broncho-alveolar lavage (BAL) was performed postmortem by direct infusion of phosphate-
buffered saline (PBS; 5 ml) into the right-hand side of the lung. BAL cells were resuspended in
culture medium with supplements as described above, counted, and used directly for flow
cytometry and virus isolation. The infection percentages of BAL cells were determined by
detection of fluorescent reporter proteins by flow cytometry. Virus isolation was performed on
Vero-cCD150 cells as previously described for MV on Vero cells expressing human CD150
[18]. During necropsy, multiple tissues including brain, trachea, primary bronchus, lungs and
spleen were harvested and screened directly for expression of fluorescent reporter proteins by
CLSM. The left lung was inflated with 2% (W/V) low-melting-point agarose before being
screened, as described previously [24, 67]. After screening, non-lymphoid tissues were trans-
ferred to 10% neutral-buffered formalin (FA). From two ferrets (D4 and D5), the complete
head was stored in 10% neutral-buffered FA for immunohistochemistry. Lymphoid tissues
were collected in PBS for preparation of single-cell suspensions using cell strainers with a
100 μm pore size (BD Biosciences, Erembodegem, Belgium) and directly used for flow cytome-
try. The infection percentages of single cell suspensions by different reporter viruses were
determined by flow cytometry.
Histological and immunohistochemical analysis
After fixation in 10% formalin, ferret heads were decalcified in 10% EDTA (pH 7.4) for at least
a month. After decalcification heads were embedded in paraffin. CDVSH was detected using a
monoclonal antibody (VMRD Inc., Pullman, WA, USA). Briefly, 3μm paraffin sections were
deparaffinized and antigens were retrieved by boiling slides for 15 minutes in citric acid buffer
(10mM, pH 6.0). Sections were incubated with the anti-CDV antibody for 1 hour at RT. Bind-
ing of the primary antibody was detected using a biotinylated rabbit-anti-mouse Ig (DAKO),
after which tissue sections were incubated with ABComplex-HRP (DAKO) for 30 minutes.
Peroxidase was revealed using 3-Amino-9-ethyl-carbazole (AEC, Sigma) resulting in a bright
red precipitate. In each staining procedure an isotype control was included as a negative
control.
Supporting information
S1 Fig. In vitro single and double infections of canine B-lymphoblastoid cell line CLBL-1.
(A) Experimental design: CLBL-1 cells were infected at T = 0 and / or T = 6 hours. One hour
after the infections (or incubation with culture medium as mock control), cells were washed to
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remove unbound virus. At T = 30 hours infection percentages were determined by flow cytom-
etry. (B) List of the conditions (#) applied for infection 1 (I1) or 2 (I2). All infections were per-
formed in triplicate, using a multiplicity of infection of 1, in the presence or absence of the
infection-enhancing lipopeptide PHCSK4 [63]. (C) Infection percentages (irrespective of
which reporter protein was expressed) ranged from 14.5 to 51.3% or from 64.1 to 84.8% when
performed in the absence (top) or presence (bottom) of infection-enhancing lipopeptide,
respectively. (D) Examples of confocal scanning laser microscopy (top) or flow cytometry (bot-
tom) measurements of conditions 1 (mock), 2 (Venus), 3 (dTom) and 6 (Venus + dTomOM)
30 hours post-infection in the presence of PHCSK4. In the FACS plots, single positive cells are
shown in green (Venus) or red (dTom), while double-positive cells are shown in yellow. (E)
Distribution of single- or double-positive cells in the infected cell populations of conditions
2–8.
(TIF)
S2 Fig. rCDV was detected in the central nervous system (CNS) and nasal cavity of directly
inoculated ferret D5. Immunohistochemistry for the detection of CDV was performed on (A)
complete ferret head sections (red box in inset shows anatomic location of section) and
showed rCDV presence in the CNS (cerebellum [Cl], cerebrum and olfactory bulb). (B) CDV-
positive cells within the ependyma and choroid plexus (arrow). (C) CDV was detected in
endothelial cells and cells surrounding the blood vessel, suggestive of a hematogenous spread
of rCDV to the brain. (D) CDV-positive cells were detected in neurons and glial cells of the
olfactory bulb. (E) CDV-positive neurons and glial cells in the cerebrum.
(TIF)
Acknowledgments
We thank Marcel Kap, Martin Linster, Koert Stittelaar, Leon de Waal and Selma Yu¨ksel for
their contributions to this study, and the personnel of the Erasmus MC animal facility for ani-
mal care. Furthermore, we acknowledge Marion Koopmans for critical comments to the
manuscript.
Author Contributions
Conceptualization: RDdV ML LJR ADMEO RLdS WPD.
Formal analysis: RDdV RLdS.
Funding acquisition: RAMF ADMEO RLdS WPD.
Investigation: RDdV ML AdJ LJR RJV GvA DvR PRWAvR RLdS WPD.
Methodology: SH TK RAMF WPD.
Project administration: RDdV RLdS WPD.
Resources: SH TK RAMF ADMEO.
Supervision: TK RAMF ADMEO RLdS WPD.
Visualization: RDdV.
Writing – original draft: RDdV.
Writing – review & editing: RDdV ML LJR DvR SH TK RAMF ADMEO RLdS WPD.
Multicolor CDV competition and transmission study in ferrets
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006371 May 8, 2017 18 / 22
References
1. Lamb RA, Parks GD. Paramyxoviridae. In: Knipe DM, Howley PM, editors. Fields Virology. 1. 6 ed.
Philadelphia: Lippincott Williams & Wilkins; 2013. p. 957–95.
2. Rota PA, Moss WJ, Takeda M, de Swart RL, Thompson KM, Goodson JL. Measles. Nat Rev Dis Prim-
ers. 2016; 2(1):16049.
3. Mina MJ, Metcalf CJ, de Swart RL, Osterhaus AD, Grenfell BT. Long-term measles-induced immuno-
modulation increases overall childhood infectious disease mortality. Science. 2015; 348(6235):694–9.
https://doi.org/10.1126/science.aaa3662 PMID: 25954009
4. Avila-Aguero ML, Camacho-Badilla K, Ulloa-Gutierrez R. Measles outbreaks: what does it represent for
the elimination strategy in the region of the Americas? A call for the action. Expert Rev Vaccines. 2015;
14(8):1043–5. https://doi.org/10.1586/14760584.2015.1055325 PMID: 26065443
5. Jost M, Luzi D, Metzler S, Miran B, Mutsch M. Measles associated with international travel in the region
of the Americas, Australia and Europe, 2001–2013: a systematic review. Travel Med Infect Dis. 2015;
13(1):10–8. https://doi.org/10.1016/j.tmaid.2014.10.022 PMID: 25468523
6. Nambulli S, Sharp CR, Acciardo AS, Drexler JF, Duprex WP. Mapping the evolutionary trajectories of
morbilliviruses: what, where and whither. Curr Opin Virol. 2016; 16:95–105. https://doi.org/10.1016/j.
coviro.2016.01.019 PMID: 26921570
7. Da Fontoura Budaszewski R, Von Messling V. Morbillivirus experimental animal models: measles virus
pathogenesis insights from canine distemper virus. Viruses. 2016; 8(10):274.
8. Beineke A, Puff C, Seehusen F, Baumgartner W. Pathogenesis and immunopathology of systemic and
nervous canine distemper. Vet Immunol Immunopathol. 2009; 127(1–2):1–18. https://doi.org/10.1016/j.
vetimm.2008.09.023 PMID: 19019458
9. Pillet S, Svitek N, von Messling V. Ferrets as a model for morbillivirus pathogenesis, complications, and
vaccines. Curr Top Microbiol Immunol. 2009; 330:73–87. PMID: 19203105
10. Ludlow M, Nguyen DT, Silin D, Lyubomska O, de Vries RD, von Messling V, et al. Recombinant canine
distemper virus strain Snyder Hill expressing green or red fluorescent proteins causes meningoenceph-
alitis in the ferret. J Virol. 2012; 86(14):7508–19. https://doi.org/10.1128/JVI.06725-11 PMID: 22553334
11. Zhao J, Shi N, Sun Y, Martella V, Nikolin V, Zhu C, et al. Pathogenesis of canine distemper virus in
experimentally infected raccoon dogs, foxes, and minks. Antiviral Res. 2015; 122:1–11. https://doi.org/
10.1016/j.antiviral.2015.07.007 PMID: 26210812
12. Martinez-Gutierrez M, Ruiz-Saenz J. Diversity of susceptible hosts in canine distemper virus infection:
a systematic review and data synthesis. BMC Vet Res. 2016; 12(1):78.
13. Smith EC, Popa A, Chang A, Masante C, Dutch RE. Viral entry mechanisms: the increasing diversity of
paramyxovirus entry. FEBS J. 2009; 276(24):7217–27. https://doi.org/10.1111/j.1742-4658.2009.
07401.x PMID: 19878307
14. Tatsuo H, Ono N, Tanaka K, Yanagi Y. SLAM (CDw150) is a cellular receptor for measles virus. Nature.
2000; 406(6798):893–7. https://doi.org/10.1038/35022579 PMID: 10972291
15. Noyce RS, Bondre DG, Ha MN, Lin LT, Sisson G, Tsao MS, et al. Tumor cell marker PVRL4 (nectin 4)
is an epithelial cell receptor for measles virus. PLoS Pathog. 2011; 7(8):e1002240. https://doi.org/10.
1371/journal.ppat.1002240 PMID: 21901103
16. Mu¨hlebach MD, Mateo M, Sinn PL, Pru¨fer S, Uhlig KM, Leonard VH, et al. Adherens junction protein
nectin-4 is the epithelial receptor for measles virus. Nature. 2011; 480(7378):530–3. https://doi.org/10.
1038/nature10639 PMID: 22048310
17. Laksono BM, de Vries RD, McQuaid S, Duprex WP, de Swart RL. Measles virus host invasion and path-
ogenesis. Viruses. 2016; 8(8):210.
18. De Swart RL, Ludlow M, de Witte L, Yanagi Y, van Amerongen G, McQuaid S, et al. Predominant infec-
tion of CD150+ lymphocytes and dendritic cells during measles virus infection of macaques. PLoS
Pathog. 2007; 3(11):e178. https://doi.org/10.1371/journal.ppat.0030178 PMID: 18020706
19. Leonard VH, Sinn PL, Hodge G, Miest T, Devaux P, Oezguen N, et al. Measles virus blind to its epithe-
lial cell receptor remains virulent in rhesus monkeys but cannot cross the airway epithelium and is not
shed. J Clin Invest. 2008; 118(7):2448–58. https://doi.org/10.1172/JCI35454 PMID: 18568079
20. Noyce RS, Richardson CD. Nectin 4 is the epithelial cell receptor for measles virus. Trends Microbiol.
2012; 20(9):429–39. https://doi.org/10.1016/j.tim.2012.05.006 PMID: 22721863
21. Ludlow M, de Vries RD, Lemon K, McQuaid S, Millar E, van Amerongen G, et al. Infection of lymphoid
tissues in the macaque upper respiratory tract contributes to the emergence of transmissible measles
virus. J Gen Virol. 2013; 94(Pt 9):1933–44. https://doi.org/10.1099/vir.0.054650-0 PMID: 23784446
Multicolor CDV competition and transmission study in ferrets
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006371 May 8, 2017 19 / 22
22. De Vries RD, Lemon K, Ludlow M, McQuaid S, Yu¨ksel S, van Amerongen G, et al. In vivo tropism of
attenuated and pathogenic measles virus expressing green fluorescent protein in macaques. J Virol.
2010; 84(9):4714–24. https://doi.org/10.1128/JVI.02633-09 PMID: 20181691
23. Ferreira CS, Frenzke M, Leonard VH, Welstead GG, Richardson CD, Cattaneo R. Measles virus infec-
tion of alveolar macrophages and dendritic cells precedes spread to lymphatic organs in transgenic
mice expressing human signaling lymphocytic activation molecule (SLAM, CD150). J Virol. 2010; 84
(6):3033–42. https://doi.org/10.1128/JVI.01559-09 PMID: 20042501
24. Lemon K, de Vries RD, Mesman AW, McQuaid S, van Amerongen G, Yu¨ksel S, et al. Early target cells
of measles virus after aerosol infection of non-human primates. PLoS Pathog. 2011; 7(1):e1001263.
https://doi.org/10.1371/journal.ppat.1001263 PMID: 21304593
25. Thompson KM. Evolution and Use of Dynamic Transmission Models for Measles and Rubella Risk and
Policy Analysis. Risk Anal. 2016; 36(7):1383–403. https://doi.org/10.1111/risa.12637 PMID: 27277138
26. Van Binnendijk RS, van der Heijden RW, van Amerongen G, UytdeHaag FGCM, Osterhaus ADME.
Viral replication and development of specific immunity in macaques after infection with different mea-
sles virus strains. J Infect Dis. 1994; 170(2):443–8. PMID: 8035034
27. Von Messling V, Svitek N, Cattaneo R. Receptor (SLAM [CD150]) recognition and the V protein sustain
swift lymphocyte-based invasion of mucosal tissue and lymphatic organs by a morbillivirus. J Virol.
2006; 80(12):6084–92. https://doi.org/10.1128/JVI.00357-06 PMID: 16731947
28. De Witte L, Abt M, Schneider-Schaulies S, van Kooyk Y, Geijtenbeek TB. Measles virus targets DC-
SIGN to enhance dendritic cell infection. J Virol. 2006; 80(7):3477–86. https://doi.org/10.1128/JVI.80.7.
3477-3486.2006 PMID: 16537615
29. De Witte L, de Vries RD, van der Vlist M, Yu¨ksel S, Litjens M, de Swart RL, et al. DC-SIGN and CD150
have distinct roles in transmission of measles virus from dendritic cells to T-lymphocytes. PLoS Pathog.
2008; 4(4):e1000049. https://doi.org/10.1371/journal.ppat.1000049 PMID: 18421379
30. De Vries RD, Mesman AW, Geijtenbeek TB, Duprex WP, de Swart RL. The pathogenesis of measles.
Curr Opin Virol. 2012; 2(3):248–55. https://doi.org/10.1016/j.coviro.2012.03.005 PMID: 22483507
31. Ludlow M, Rennick LJ, Sarlang S, Skibinski G, McQuaid S, Moore T, et al. Wild-type measles virus
infection of primary epithelial cells occurs via the basolateral surface without syncytium formation or
release of infectious virus. J Gen Virol. 2010; 91(Pt 4):971–9. https://doi.org/10.1099/vir.0.016428-0
PMID: 19923259
32. Papp K. Expe´riences prouvant que la voie d’infection de la rougeole est la contamination de la
muqueuse conjunctivale [Experiments proving that the route of infection in measles is the contamination
of the conjunctival mucosa]. Rev Immunol Ther Antimicrob. 1956; 20(1–2):27–36. PMID: 13323672
33. Belser JA, Rota PA, Tumpey TM. Ocular tropism of respiratory viruses. Microbiol Mol Biol Rev. 2013;
77(1):144–56. https://doi.org/10.1128/MMBR.00058-12 PMID: 23471620
34. Duprex WP, McQuaid S, Hangartner L, Billeter MA, Rima BK. Observation of measles virus cell-to-cell
spread in astrocytoma cells by using a green fluorescent protein-expressing recombinant virus. J Virol.
1999; 73(11):9568–75. PMID: 10516065
35. Von Messling V, Milosevic D, Cattaneo R. Tropism illuminated: lymphocyte-based pathways blazed by
lethal morbillivirus through the host immune system. Proc Natl Acad Sci U S A. 2004; 101(39):14216–
21. https://doi.org/10.1073/pnas.0403597101 PMID: 15377791
36. Rager M, Vongpunsawad S, Duprex WP, Cattaneo R. Polyploid measles virus with hexameric genome
length. EMBO J. 2002; 21(10):2364–72. https://doi.org/10.1093/emboj/21.10.2364 PMID: 12006489
37. Nakatsu Y, Ma X, Seki F, Suzuki T, Iwasaki M, Yanagi Y, et al. Intracellular transport of the measles
virus ribonucleoprotein complex is mediated by Rab11A-positive recycling endosomes and drives virus
release from the apical membrane of polarized epithelial cells. J Virol. 2013; 87(8):4683–93. https://doi.
org/10.1128/JVI.02189-12 PMID: 23408617
38. Ludlow M, McQuaid S, Cosby SL, Cattaneo R, Rima BK, Duprex WP. Measles virus superinfection
immunity and receptor redistribution in persistently infected NT2 cells. J Gen Virol. 2005; 86(Pt
8):2291–303. https://doi.org/10.1099/vir.0.81052-0 PMID: 16033977
39. Takeda M, Nakatsu Y, Ohno S, Seki F, Tahara M, Hashiguchi T, et al. Generation of measles virus with
a segmented RNA genome. J Virol. 2006; 80(9):4242–8. https://doi.org/10.1128/JVI.80.9.4242-4248.
2006 PMID: 16611883
40. Shirogane Y, Watanabe S, Yanagi Y. Cooperation between different RNA virus genomes produces a
new phenotype. Nat Commun. 2012; 3:1235. https://doi.org/10.1038/ncomms2252 PMID: 23212364
41. Ru¨tgen BC, Hammer SE, Gerner W, Christian M, de Arespacochaga AG, Willmann M, et al. Establish-
ment and characterization of a novel canine B-cell line derived from a spontaneously occurring diffuse
large cell lymphoma. Leuk Res. 2010; 34(7):932–8. https://doi.org/10.1016/j.leukres.2010.01.021
PMID: 20153049
Multicolor CDV competition and transmission study in ferrets
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006371 May 8, 2017 20 / 22
42. Burke CW, Bridges O, Brown S, Rahija R, Russell CJ. Mode of parainfluenza virus transmission deter-
mines the dynamics of primary infection and protection from reinfection. PLoS Pathog. 2013; 9(11):
e1003786. https://doi.org/10.1371/journal.ppat.1003786 PMID: 24278024
43. Varble A, Albrecht RA, Backes S, Crumiller M, Bouvier NM, Sachs D, et al. Influenza A virus transmis-
sion bottlenecks are defined by infection route and recipient host. Cell Host Microbe. 2014; 16(5):691–
700. https://doi.org/10.1016/j.chom.2014.09.020 PMID: 25456074
44. Burke CW, Mason JN, Surman SL, Jones BG, Dalloneau E, Hurwitz JL, et al. Illumination of parainflu-
enza virus infection and transmission in living animals reveals a tissue-specific dichotomy. PLoS
Pathog. 2011; 7(7):e1002134. https://doi.org/10.1371/journal.ppat.1002134 PMID: 21750677
45. Antonis AF, Schrijver RS, Daus F, Steverink PJ, Stockhofe N, Hensen EJ, et al. Vaccine-induced immu-
nopathology during bovine respiratory syncytial virus infection: exploring the parameters of pathogene-
sis. J Virol. 2003; 77(22):12067–73. https://doi.org/10.1128/JVI.77.22.12067-12073.2003 PMID:
14581543
46. Sodora DL, Allan JS, Apetrei C, Brenchley JM, Douek DC, Else JG, et al. Toward an AIDS vaccine: les-
sons from natural simian immunodeficiency virus infections of African nonhuman primate hosts. Nat
Med. 2009; 15(8):861–5. https://doi.org/10.1038/nm.2013 PMID: 19661993
47. Dunkin GW, Laidlaw PP. Studies in dog-distemper: I. Dog-distemper in the ferret. J Comp Pathol Ther.
1926; 39:201–12.
48. Kauffman CA, Bergman AG, O’Connor RP. Distemper virus infection in ferrets: an animal model of
measles-induced immunosuppression. Clin Exp Immunol. 1982; 47(3):617–25. PMID: 7044625
49. Von Messling V, Springfeld C, Devaux P, Cattaneo R. A ferret model of canine distemper virus virulence
and immunosuppression. J Virol. 2003; 77(23):12579–91. https://doi.org/10.1128/JVI.77.23.12579-
12591.2003 PMID: 14610181
50. Ludlow M, Rennick LJ, Nambulli S, de Swart RL, Duprex WP. Using the ferret model to study morbillivi-
rus entry, spread, transmission and cross-species infection. Curr Opin Virol. 2014; 4:15–23. https://doi.
org/10.1016/j.coviro.2013.11.001 PMID: 24525290
51. Blake FG, Trask JD. Studies on Measles: I. Susceptibility of Monkeys to the Virus of Measles. J Exp
Med. 1921; 33(3):385–412. PMID: 19868504
52. Lemon K, Nguyen DT, Ludlow M, Rennick LJ, Yu¨ksel S, van Amerongen G, et al. Recombinant sub-
group B human respiratory syncytial virus expressing enhanced green fluorescent protein efficiently
replicates in primary human cells and is virulent in cotton rats. J Virol. 2015; 89(5):2849–56. https://doi.
org/10.1128/JVI.03587-14 PMID: 25540371
53. Sattentau Q. Avoiding the void: cell-to-cell spread of human viruses. Nat Rev Microbiol. 2008; 6
(11):815–26. https://doi.org/10.1038/nrmicro1972 PMID: 18923409
54. Singh BK, Li N, Mark AC, Mateo M, Cattaneo R, Sinn PL. Cell-to-cell contact and nectin-4 govern
spread of measles virus from primary human myeloid cells to primary human airway epithelial cells. J
Virol. 2016; 90(15):6808–17.] https://doi.org/10.1128/JVI.00266-16 PMID: 27194761
55. Shen DT, Gorham JR. Contact transmission of distemper virus in ferrets. Res Vet Sci. 1978; 24(1):118–
9. PMID: 564540
56. Gorham JR. Some experiments and field observations of distemper in mink and ferrets. Adv Vet Med.
1999; 41:557–70. PMID: 9890043
57. Linster M, van Boheemen S, de Graaf M, Schrauwen EJ, Lexmond P, Manz B, et al. Identification, char-
acterization, and natural selection of mutations driving airborne transmission of A/H5N1 virus. Cell.
2014; 157(2):329–39. https://doi.org/10.1016/j.cell.2014.02.040 PMID: 24725402
58. Frise R, Bradley K, van Doremalen N, Galiano M, Elderfield RA, Stilwell P, et al. Contact transmission
of influenza virus between ferrets imposes a looser bottleneck than respiratory droplet transmission
allowing propagation of antiviral resistance. Sci Rep. 2016; 6:29793. https://doi.org/10.1038/srep29793
PMID: 27430528
59. Cross RW, Mire CE, Borisevich V, Geisbert JB, Fenton KA, Geisbert TW. The Domestic Ferret (Mustela
putorius furo) as a Lethal Infection Model for 3 Species of Ebolavirus. J Infect Dis. 2016; 214(4):565–9.
https://doi.org/10.1093/infdis/jiw209 PMID: 27354371
60. Clayton BA, Middleton D, Arkinstall R, Frazer L, Wang LF, Marsh GA. The Nature of Exposure Drives
Transmission of Nipah Viruses from Malaysia and Bangladesh in Ferrets. PLoS Negl Trop Dis. 2016;
10(6):e0004775. https://doi.org/10.1371/journal.pntd.0004775 PMID: 27341030
61. Kozak R, He S, Kroeker A, de La Vega MA, Audet J, Wong G, et al. Ferrets Infected with Bundibugyo
Virus or Ebola Virus Recapitulate Important Aspects of Human Filovirus Disease. J Virol. 2016; 90
(20):9209–23. https://doi.org/10.1128/JVI.01033-16 PMID: 27489269
Multicolor CDV competition and transmission study in ferrets
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006371 May 8, 2017 21 / 22
62. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience research reporting:
the ARRIVE guidelines for reporting animal research. Plos Biol. 2010; 8(6):e1000412. https://doi.org/
10.1371/journal.pbio.1000412 PMID: 20613859
63. Munster VJ, de Wit E, van den Brand JM, Herfst S, Schrauwen EJ, Bestebroer TM, et al. Pathogenesis
and transmission of swine-origin 2009 A(H1N1) influenza virus in ferrets. Science. 2009; 325
(5939):481–3. https://doi.org/10.1126/science.1177127 PMID: 19574348
64. Seki F, Ono N, Yamaguchi R, Yanagi Y. Efficient isolation of wild strains of canine distemper virus in
Vero cells expressing canine SLAM (CD150) and their adaptability to marmoset B95a cells. J Virol.
2003; 77(18):9943–50. https://doi.org/10.1128/JVI.77.18.9943-9950.2003 PMID: 12941904
65. Nguyen DT, de Witte L, Ludlow M, Yu¨ksel S, Wiesmu¨ller KH, Geijtenbeek TB, et al. The synthetic bacte-
rial lipopeptide Pam3CSK4 modulates respiratory syncytial virus infection independent of TLR activa-
tion. PLoS Pathog. 2010; 6(8):e1001049. https://doi.org/10.1371/journal.ppat.1001049 PMID:
20808895
66. El Mubarak HS, Yu¨ksel S, van Amerongen G, Mulder PG, Mukhtar MM, Osterhaus ADME, et al. Infec-
tion of cynomolgus macaques (Macaca fascicularis) and rhesus macaques (Macaca mulatta) with dif-
ferent wild-type measles viruses. J Gen Virol. 2007; 88(Pt 7):2028–34. https://doi.org/10.1099/vir.0.
82804-0 PMID: 17554037
67. Nguyen DT, de Vries RD, Ludlow M, van den Hoogen BG, Lemon K, van Amerongen G, et al. Para-
myxovirus infections in ex vivo lung slice cultures of different host species. J Virol Methods. 2013; 193
(1):159–65. https://doi.org/10.1016/j.jviromet.2013.06.016 PMID: 23777750
Multicolor CDV competition and transmission study in ferrets
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006371 May 8, 2017 22 / 22
